1. Introduction {#sec1-plants-09-00733}
===============

Sweet pepper is one of the most significant vegetable crops, belongs to the Solanaceae family, and has a high importance in the exporting market. About 14% of sweet pepper fruit loss is attributed to increased salt levels \[[@B1-plants-09-00733]\]. Salinity is one of the major restricting abiotic factors for agricultural production worldwide \[[@B2-plants-09-00733]\], affecting osmotic adjustment and solutes uptake resulting in many harmful changes in morphological and physiological characters such as photosynthetic rate and plasma membrane permeability of many economic plants \[[@B3-plants-09-00733],[@B4-plants-09-00733],[@B5-plants-09-00733],[@B6-plants-09-00733]\]. Morphological traits such as leaf number and leaf area can be negatively affected under salinity stress \[[@B7-plants-09-00733]\]. Furthermore, physiological and biochemical characters can be adversely affected under salinity stress conditions, e.g., decreases in chlorophyll concentrations and relative water contents, reduced essential nutrient uptake as well as increased electrolyte leakage may occur \[[@B8-plants-09-00733]\]. In addition, accumulation of reactive oxygen species (ROS) such as superoxide (O~2~^−^) and hydrogen peroxide (H~2~O~2~) may increase, causing oxidative stress \[[@B9-plants-09-00733]\] as well as delays in cellular metabolism as one of the important signals of many stresses such as salinity \[[@B10-plants-09-00733]\], drought \[[@B11-plants-09-00733],[@B12-plants-09-00733],[@B13-plants-09-00733]\], chilling \[[@B14-plants-09-00733]\] and biotic stress \[[@B15-plants-09-00733]\] in several economically important crop plants. The high concentration of reactive oxygen species reduces nutrient uptake, damages proteins, and lipids as well as metabolic pathways \[[@B16-plants-09-00733]\]. On the other hand, enzymatic antioxidants (e.g., catalase, peroxidase, and superoxide dismutase) and non-enzymatic antioxidants (ascorbic acid and carotene) are accumulated under various stresses to deal with the increase of ROS and protect the plant tissues from oxidative damage under various stresses \[[@B17-plants-09-00733],[@B18-plants-09-00733]\]. Therefore, plants need several strategies to overcome the detrimental effects of salt stress through osmotic adjustments and photosynthetic process improvements \[[@B19-plants-09-00733]\].

Silicon (Si) and salicylic acid were used to mitigate the injurious effects of various stresses which affect growth traits and production. Salicylic acid application led to improvements in plant height, number of leaves, leaf area, concentrations of chlorophyll, and grain yield of fava bean plants under drought conditions \[[@B11-plants-09-00733]\] and under salinity stress conditions \[[@B10-plants-09-00733]\]. Silicon is one of the most important elements, covering about 28% of the lithosphere and recently involved as a "quasi-essential" element according to The International Plant Nutrition Institute. Application of silicon is an important method to minimize the adverse impacts of salinity stress, particularly in sunflower \[[@B20-plants-09-00733]\] and sorghum \[[@B21-plants-09-00733]\] causing enhancement of morphophysiological growth traits, for example, plant height and concentrations of chlorophyll in *Salvia splendens* and tomato plants under salinity stress conditions \[[@B22-plants-09-00733],[@B23-plants-09-00733]\]. Moreover, plants can uptake silicon in the form of soluble silicic acid at pH ≤ 9 \[[@B24-plants-09-00733]\]. Silicon can alleviate several types of abiotic stresses such as salinity, drought, and low temperature \[[@B25-plants-09-00733],[@B26-plants-09-00733]\]. Silicon treatments led to maintenance of water status through regulating transpiration rates and formation of a double cuticle layer on the epidermis of leaves \[[@B18-plants-09-00733]\] resulting in a decreased transpiration and increased photosynthetic rate. In addition, Si application improves stomatal conductance and carbon dioxide assimilation rate in sorghum plants under salinity stress conditions \[[@B27-plants-09-00733]\] that is likely due to the increases of number and size of stomata as shown in okra plants. Exogenous application of silicon improved the injurious effects of salinity stress on stomatal movement of sweet pepper (*Capsicum annuum*) plants \[[@B28-plants-09-00733]\] and enhanced the expression of a zinc finger protein that regulates stomatal movement in rice plants under salinity stress \[[@B29-plants-09-00733]\]. Silicon treatment under salinity stress led to protection of photosynthetic pigments from degradation and regulation of photosynthesis-related proteins \[[@B30-plants-09-00733]\]. Generally, the role of silicon in stress tolerance mechanisms can be explained by improvements in growth character, increased nutrient uptake, and photosynthetic rate as well as antioxidant defense system activation \[[@B18-plants-09-00733]\].

Silicon can be regarded as one of the most important elements in agricultural production, particularly in justification of salinity stress effects, which---as one of the main abiotic stresses---causes detrimental impacts for most plants grown in various global regions. However, the information on the effects of silicon on sweet pepper plants under salinity is still insufficient. Thus the aim of our study was to evaluate the effects of foliar application of silicon on concentrations of chlorophyll, relative water content, lipid peroxidation, proline contents, up-regulation of antioxidant enzymes, reactive oxygen species and mineral contents as well as fruit yield of sweet pepper under salinity stress conditions.

2. Results {#sec2-plants-09-00733}
==========

2.1. Effects of Silicon on Concentrations of Chlorophyll a and b, Relative Water Content (RWC %), and Proline in Salt-Stressed Sweet Pepper Plants {#sec2dot1-plants-09-00733}
--------------------------------------------------------------------------------------------------------------------------------------------------

It can be noted from [Figure 1](#plants-09-00733-f001){ref-type="fig"} that the concentrations of chlorophyll a (1.2 and 0.8 mg g^−1^ Fw) and b (0.5 and 0.35 mg g^−1^ Fw) were significantly decreased in sweet pepper plants under both levels of salinity (1500 and 3000 ppm) respectively, as compared to controls (chlorophyll a 2.2 and chlorophyll b 0.92 mg g^−1^ Fw). In addition, relative water content significantly decreased (62 and 50%) at the two salinity levels (1500 and 3000 ppm) compared to controls (82%), while proline concentrations (18 and 24 μg g^−1^ Fw) significantly increased in sweet pepper plants under salinity conditions in the mean of both seasons as compared to controls (11 μg g^−1^ Fw). However, application of silicon significantly increased concentrations of chlorophyll a (1.9 and 1.5 mg g^−1^ Fw) as compared to untreated, salt-stressed plants (1.2 and 0.8 mg g^−1^ Fw) at 1500 and 3000 ppm respectively. Additionally, chlorophyll b significantly increased (0.82 and 0.63 mg g^−1^ Fw) compared to untreated plants (0.48 and 0.35 mg g^−1^ Fw) at 1500 and 3000 ppm salt stress. Silicon application led to significant increases in relative water contents (71 and 59%) as compared to untreated sweet pepper plants (60 and 49%) at 1500 and 3000 ppm respectively. Proline accumulation under silicon treatment was 11.5 and 14.4 μg g^−1^ Fw in salt-stressed plants at 1500 and 3000 ppm.

2.2. Effects of Silicon on Electrolyte Leakage (EL %), Lipid Peroxidation (MDA), Levels of Superoxide, and Hydrogen Peroxide in Sweet Pepper Under Salinity Stress {#sec2dot2-plants-09-00733}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

The obtained results in [Figure 2](#plants-09-00733-f002){ref-type="fig"} showed that foliar application of silicon considerably reduced electrolyte leakage (EL %), lipid peroxidation (MDA), levels of superoxide and hydrogen peroxide in salt-stressed sweet pepper plants in both seasons. Electrolyte leakage (%) significantly decreased (18% and 25%) under application of silicon in both salinity levels (1500 and 3000 ppm) as compared to the untreated stressed plants (27% and 49%) as the mean of two seasons. However, electrolyte leakage significantly increased (27% and 49%) in the stressed untreated plants when compared to control plants (9%). In addition, salinity stress at 1500 and 3000 ppm elicited a significant increase in lipid peroxidation (7.2 and 9.8 μmol/g Fw) (malondialdehyde) in sweet pepper plants at two levels of salinity as compared to control plants (4.3 μmol/g Fw). The higher level of salinity (3000 ppm) caused the highest levels of malondialdehyde. Interestingly, silicon application led to a significant decrease in malondialdehyde (5.3 and 6.2 μmol/g Fw) in the stressed plants compared to the stressed untreated plants (7.2 and 9.8 μmol/g Fw).

The levels of superoxide and hydrogen peroxide significantly increased under salinity stress conditions (1500 and 3000 ppm), the higher level of salinity (3000 ppm) produced the highest values of superoxide (64 arbitrary units) and hydrogen peroxide (24.5 arbitrary units) as the mean of both seasons. Nevertheless, the silicon-treated salt-stressed sweet pepper plants showed significant decreases in superoxide (45 and 51.5 arbitrary units) as compared to the stressed untreated plants (51 and 63 arbitrary units). Additionally, hydrogen peroxide levels were decreased significantly (21.5 and 24.3 arbitrary units) under foliar application of silicon compared to the stressed untreated plants (24.7 and 30.5 arbitrary units) at both levels of salinity (1500 and 3000 ppm).

2.3. Effects of Silicon on the Activity of Antioxidant Enzymes (CAT, POX, and GR) and PPO in Salt-Stressed Sweet Pepper Plants {#sec2dot3-plants-09-00733}
------------------------------------------------------------------------------------------------------------------------------

The presented results in [Figure 3](#plants-09-00733-f003){ref-type="fig"} show that the antioxidant enzyme activity (catalase (CAT), peroxidase (POX), and glutathione reductase (GR)) and polyphenol oxidase (PPO) activity significantly increased in plants exposed to salinity stress at two concentrations (1500 and 3000 ppm) in both seasons. Activity of catalase significantly increased in salt-stressed plants (87 and 112 mM H~2~O~2~ g^−1^ Fw min^−1^), as compared to salt-stressed and silicone-treated plants (90.8 and 72) and controls (54.4). Additionally, peroxidase significantly increased in salt-stressed plants (0.11 and 0.14 μmol tetra-guaiacol g Fw^−1^ min^−1^) as compared to stressed and silicone-treated plants (0.09 and 0.10 mM H~2~O~2~ g^−1^ Fw min^−1^) and controls (0.62). Moreover, polyphenol oxidase activity significantly increased in salt-stressed untreated plants (0.11 and 0.16 μmol tetra-guaiacol g Fw^−1^ min^−1^) as compared to stressed, silicon-treated plants (0.009 and 0.013 μmol tetra-guaiacol g Fw^−1^ min^−1^) and controls (0.008). Activity of glutathione reductase significantly increased in stressed untreated plants (0.32 and 0.43 unit ml^−1^) and in the treated plants (0.17 and 0.26 unit ml^−1^) as compared to control plants (0.16). Foliar application of silicon successfully up-regulated the activity of catalase, peroxidase, polyphenol oxidase, and glutathione reductase in sweet pepper plants under salinity conditions ([Figure 3](#plants-09-00733-f003){ref-type="fig"}A--D).

2.4. Effects of Silicon on Soluble Sugars, Starch Contents, and Sucrose in Sweet Pepper Plants Under Salinity Conditions {#sec2dot4-plants-09-00733}
------------------------------------------------------------------------------------------------------------------------

Our findings in [Figure 4](#plants-09-00733-f004){ref-type="fig"} indicated that soluble sugars, as osmolytes, significantly increased in sweet pepper plants as a response to salinity stress (33.5 and 38.1 mg g^−1^) and in the stressed plants treated with silicon (22 and 27.2 mg g^−1^) at the two concentrations of salinity (1500 and 3000 ppm) as compared to control plants (21 mg g^−1^). Additionally, sucrose (7 and 8.7 mg g^−1^) and starch contents (9.5 and 13.4 mg g^−1^) obviously increased in the sweet pepper plants under the two concentrations of salinity as compared to control plants (4.5 and 3.4 mg g^−1^) in the mean of both seasons. In addition, the stressed and silicone-treated plants showed significant increases in sucrose (4.8 and 6.2 mg g^−1^) and in starch contents (7.4 and 8.8 mg g^−1^) as compared to control plants (4.5 and 3.4 mg g^−1^).

2.5. Effects of Silicon on Nitrogen, Phosphorus, Potassium, and Sodium Contents in Salt-Stressed Sweet Pepper Plants {#sec2dot5-plants-09-00733}
--------------------------------------------------------------------------------------------------------------------

The obtained results in [Figure 5](#plants-09-00733-f005){ref-type="fig"} indicated that the salinity-exposed sweet pepper plants show significant decreases in nitrogen (2.4% and 1.4%), phosphorus (0.23% and 0.18%), and potassium contents (1.6% and 1.1%) as compared to the control treatments (4.5%, 0.4% and 2.4%) respectively. Nonetheless, silicon application significantly increased the content of nitrogen (4.5% and 2.6%), phosphorus (0.33% and 0.25%) and potassium (2.25% and 1.3%) in stressed sweet pepper plants at both concentrations (1500 and 3000 ppm) of salinity. Silicon application gives the best results in increasing nitrogen and potassium contents under low salinity (1500 ppm) but without significant differences when compared to control plants. On the contrary, sodium contents significantly increased in the salt-stressed plants (0.4% and 0.48%) under the two salinity levels (1500 and 3000 ppm), the higher sodium content (0.48%) was observed under the higher level of salinity (3000 ppm). However, sweet pepper plants pretreated with foliar applications of silicon showed sodium contents (0.19% and 0.30%) much lower than in the stressed untreated plants (0.4% and 0.48%).

2.6. Effects of Silicon on Numbers of Fruits Plant^−1^, Fresh Weight Of Fruits Plant^−1^, and Fruit Yield (Ton Hectare^−1^) {#sec2dot6-plants-09-00733}
---------------------------------------------------------------------------------------------------------------------------

The presented results in [Figure 6](#plants-09-00733-f006){ref-type="fig"} revealed that salinity stress led to significant decreases in number of fruits plant^−1^ (7.1 and 5.4), total fruit yield (7.1 and 5.4 ton hectare^−1^) and fruit fresh weight plant^−1^ (495 and 355 g) in the sweet pepper plants exposed to salinity stress as compared to the control treatments (12.5, 11.5 ton and 807 g) respectively. Moreover, foliar application of silicon caused significant increases in number of fruits plant^−1^ (12.8 and 8.6), total fruit yield (ton hectare-1) (11.1 and 7.8 ton), and fruit fresh weight plant^−1^ (781 and 560 g) in the stressed sweet pepper plants under the two salinity levels. Under silicon treatment, the best results of number of fruits plant^−1^ (12.8), total fruit yield (11.1 ton) and fruit fresh weight plant^−1^ (781 g) in the stressed plants were obtained at the lower level of salinity (1500 ppm). These increases were significant when compared to stressed untreated plants pointing to the positive role of silicon.

3. Discussion {#sec3-plants-09-00733}
=============

Salt stress adversely affects the growth characters and differentiation of sweet pepper. The harmful effects of salinity on concentrations of chlorophyll a and b as well as relative water content of sweet pepper plants as compared to the control as presented in [Figure 1](#plants-09-00733-f001){ref-type="fig"} could be attributed to the role of salinity in inhibition of ribulose-1,5-biphosphate, increased chloroplast degradation and chloroplast structure disorder, consequently, decreased chlorophyll concentrations. In addition, relative water content significantly decreased as a result of the negative effect of salinity on water and absorption capacity from the soil to the root system, reducing the internal water supply and negatively affecting plant organs \[[@B10-plants-09-00733],[@B31-plants-09-00733]\]. Proline content was also increased in sweet pepper under salinity stress conditions. This increment of proline is one of the typical responses to stress factors, particularly salinity stress, which plays a pivotal role in protecting chlorophyll pigments from degradation \[[@B27-plants-09-00733]\]. Besides its role as an osmolyte, proline also plays a central role in scavenging reactive oxygen species (ROS), controlling cell redox homeostasis and supplying energy \[[@B32-plants-09-00733]\]. Nevertheless, the significant increases in concentrations of chlorophyll a and b as well as relative water content in salt-stressed and silicon-treated sweet pepper plants could be due to the helpful role of silicon in reducing Na^+^ uptake and increasing K^+^ concentrations and uptake \[[@B33-plants-09-00733]\] which improves activities of several enzymes, promotes photosynthesis and water status as well as relative water content, and inhibits chlorophyll degradation. Consistent with our findings, it has been stated that application of silicon increases potassium uptake and decreases Na^+^ under salinity and drought stress conditions in many plants \[[@B34-plants-09-00733],[@B35-plants-09-00733],[@B36-plants-09-00733],[@B37-plants-09-00733]\].

In the current work, we investigated the impact of silicon on salt-stressed sweet pepper plants. Electrolyte leakage (EL), lipid peroxidation, levels of superoxide, and hydrogen peroxide are important signals of salinity stress ([Figure 2](#plants-09-00733-f002){ref-type="fig"}). These parameters significantly increased under the two salinity levels, this result could be due to the deleterious effect of salinity on sweet pepper plants, the damaging effect on membrane stability and selective permeability, consequently increasing electrolyte leakage \[[@B38-plants-09-00733]\]. Moreover, lipid peroxidation, assayed as malondialdehyde (MDA) accumulation, significantly increased as a stress factor under salinity stress conditions, this increase in MDA might be due to the oxidative damage to chloroplasts and mitochondria, subsequently increasing lipid peroxidation. Additionally, reactive oxygen species, mainly hydrogen peroxide and superoxide, have considerably increased in salt-stressed sweet pepper plants. The accumulation of superoxide and hydrogen peroxide under salinity stress at two levels (1500 and 3000 ppm) is an important indicator of oxidative stress and plays a pivotal role in regulating the development and differentiation as well as stress signaling in plant organs \[[@B35-plants-09-00733],[@B36-plants-09-00733],[@B37-plants-09-00733]\]. Furthermore, silicon application alleviates the harmful effects of salinity including decreases in electrolyte leakage, lipid peroxidation, levels of superoxide, and hydrogen peroxide. This may be due to the fact that silicon has an important role in regulating plasma membrane stability and increasing osmolyte accumulation which results in scavenging of reactive oxygen species, mainly hydrogen peroxide and superoxide \[[@B37-plants-09-00733]\].

The activity of the antioxidant enzymes catalase, peroxidase, and glutathione reductase and that of polyphenol oxidase significantly boosted in the sweet pepper plants exposed to salinity stress in both seasons ([Figure 3](#plants-09-00733-f003){ref-type="fig"}). The increases of these enzyme activities under salt stress are very important in dealing with the adverse effects of salinity by scavenging reactive oxygen species. Our findings are in line with the obtained results of researchers investigating several plant species under different types of stresses \[[@B38-plants-09-00733],[@B39-plants-09-00733]\]. In the current study, we have shown that exogenous application of silicon regulates antioxidant enzyme activities and maintains reactive oxygen species levels at nontoxic concentrations, protecting sweet pepper plants against oxidative damage under salinity conditions \[[@B40-plants-09-00733]\]. The valuable influence of silicon in enhancing the activities of catalase, peroxidase, polyphenol oxidase, and glutathione reductase enzymes as well as the elimination of superoxide and hydrogen peroxide could be due to the effect of silicon in controlling oxidative stress by alleviating ion toxicity and accumulation of nucleoproteins that contribute to plant resistance to stress factors \[[@B41-plants-09-00733]\].

The significant increases in soluble sugars, sucrose, and starch contents in sweet pepper under salinity stress ([Figure 4](#plants-09-00733-f004){ref-type="fig"}) may be due to the above-mentioned traits. These compounds play pivotal roles as osmolytes and osmoprotectants in regulation of osmotic pressure under salinity stress conditions. Furthermore, adding silicon to sweet pepper plants under salinity conditions led to improved accumulation of these osmolytes, subsequently enhancing the tolerance of sweet pepper to salinity stress through biosynthetic regulation of osmolytes and some plant hormones. The positive effect of osmolytes on stressed sweet pepper plants could be attributed to the role of osmolytes in membrane stability and preventing the physiological drought of plant cells \[[@B42-plants-09-00733]\]. A similar trend with accumulation of osmolytes under various stresses was recorded \[[@B43-plants-09-00733],[@B44-plants-09-00733],[@B45-plants-09-00733],[@B46-plants-09-00733]\]. The detrimental effects of salinity could be due to its adverse effect on nutrient uptake by down-regulation of some proteins such as NRT1 and AMT1. On the contrary, the significant increases in nitrogen, phosphorus and potassium contents following silicon application under salinity stress conditions may be due to the membrane stability by increasing the cell membrane H^±^ATPase activity which induces nutrient uptake, particularly potassium and Ca^+^, however, decreases sodium (Na^+^) uptake and content, thus improving water uptake and photosynthesis. The positive role of silicon in nutrient uptake was reported in some plants \[[@B43-plants-09-00733]\]. This positive effect of silicon could be due to the role of silicon in decreasing Na+ accumulation in salt-stressed sweet pepper plants. In fact, decreases in both Na^+^ and Cl^-^ levels, however, increase K^+^ \[[@B10-plants-09-00733]\], in addition to improving water uptake, keeping nutrient balance, and promoting photosynthesis. Silicon can maintain antioxidative capacity, improve osmotic adjustment, and increase the activity of photosynthetic enzymes \[[@B47-plants-09-00733],[@B48-plants-09-00733]\].

According to our results in [Figure 6](#plants-09-00733-f006){ref-type="fig"}, the high level of salinity was more effective than the low level in decreasing the number of fruits and fruit yield. This might be due to the fact that salinity negatively affects and reduces water status and nutrient uptake, leading to a decreased photosynthetic rate, relative water content, and depressed regulation of mainly the zinc finger protein-160. The end results of these processes could be a final reduction in the number of fruits, total fruit yield, and fruit fresh weight. The harmful effect of salinity on growth and production was observed in many plants \[[@B3-plants-09-00733],[@B4-plants-09-00733],[@B7-plants-09-00733],[@B47-plants-09-00733]\]. In contrast, the obtained data of the present study demonstrate that silicon treatment confers valuable effects on number of fruits, total fruit yield, and fruit fresh weight of sweet pepper under salinity conditions. The valuable effect of silicon may be due to the role of silicon in increasing the expression of RNA polymerase, zinc finger proteins and ribosomal proteins which activates the stress tolerance, increase the soil water holding capacity and enhances photosynthesis as well as reduces transpiration rate \[[@B48-plants-09-00733]\], and also reduces oxidative stress and improves fruits yield.

Generally, our study revealed that application of silicon on salt-stressed sweet pepper plants alleviates the harmful effects of salinity by enhancing water status, increasing photosynthetic rate, reducing oxidative damage, regulating some osmolytes and phytohormones \[[@B49-plants-09-00733]\] as well as enhancing antioxidant enzyme activity and, consequently, improving yield production.

4. Materials and Methods {#sec4-plants-09-00733}
========================

4.1. Design and Treatments of Experiments {#sec4dot1-plants-09-00733}
-----------------------------------------

The current research was carried out at Faculty of Agriculture, Kafrelsheikh University, Egypt in the two growth seasons of 2018 and 2019. Tow pot experiments were conducted to examine the influence of silicon on physiological and biochemical characters and fruits yield of sweet pepper plants (*Capsicum annuum* L.) cv. California Wonder under salinity stress at two concentrations (1500 and 3000 ppm) of sodium chloride (NaCl). The laboratory analyses were carried out at the Plant Pathology & Biotechnology Lab and EPECRS Excellence Center, Kafrelsheikh University, Egypt. The seeds were sown in the nursery on the 2nd and 4th of June in the two seasons, respectively. The pots (40 cm diameter) were filled with 8 kg soil and two seedlings, the seedlings were transplanted at forty-two days from sowing. The chemical and physical characters of soil were assayed and the results were as follows: pH 8.2, N 32.3 ppm, P 10.4 ppm, K 290 ppm, electrical conductivity 1.8 dS m^−1^, soil organic matter 1.9%, sand 17.4%, silt 35.6%, and clay 47.3% \[[@B50-plants-09-00733]\]. The complete fertilizer of nitrogen, phosphorus, and potassium (NPK) (135:40:35 kg ha^−1^) was added in two equal doses as recommendations, the first one after two weeks from transplanting and the second was added at the start of the flowering stage. The plants were irrigated with saline water at two concentrations (1500 and 3000 ppm) and treated with silicon (sodium and potassium silicate at 2.7 mmol L^−1^) twice after 25 and 50 days from transplanting. The experiment was prepared in a completely randomized design with 4 replicates and leaf samples were taken for physiological and biochemical studies at 90 days from transplanting, for the following measurements:

4.2. Determination of Chlorophyll a and Chlorophyll b Concentrations {#sec4dot2-plants-09-00733}
--------------------------------------------------------------------

For chlorophyll a and chlorophyll b determination, the samples of sweet pepper fresh leaves, 1 g from each replicate, were taken and placed in 5 mL Dimethyl formamide overnight in the refrigerator. The absorbance was determined spectrophotometrically at 647 and 664 nm by the method of Moran \[[@B51-plants-09-00733]\].

4.3. Relative Water Content (RWC %) {#sec4dot3-plants-09-00733}
-----------------------------------

Sweet pepper leaf discs (1 cm in diameter) were taken from the fully expanded leaves. The fresh weight (FW) was recorded, and then the discs were incubated in distilled water for 4 h. Turgid weight was recorded, and the discs were put in an oven at 70 °C for 24 h, to calculate the dry weight (DW). Relative water content was measured by the methodology of Sanchez et al. \[[@B52-plants-09-00733]\] as follows:

4.4. Electrolyte Leakage (EL %) {#sec4dot4-plants-09-00733}
-------------------------------

Twenty discs (1 cm^2^) of sweet pepper leaves were put into flasks, each containing 25 mL deionized water. The samples were shaken for 20 h at ambient temperature. First, electrical conductivity (EC1) was recorded for each vial. Flasks were then submerged in a hot water bath at 80 °C for 1 h. The vials were again shaken for 20 h at 21 °C. Last, conductivity (EC2) was measured for each flask. Electrolyte leakage % was calculated as follows: first conductivity/last conductivity × 100. \[[@B53-plants-09-00733]\].

4.5. Lipid Peroxidation (Malondialdehyde) {#sec4dot5-plants-09-00733}
-----------------------------------------

Lipid peroxidation was determined in fresh leaves as malondialdehyde (MDA) using a spectrophotometer as follow: MDA (nmol g^−1^Fw) = \[6.45 × (A532−A600) − (0.56 × A450)\] × V^−1^W, where V = volume (ml); W = weight (g). \[[@B54-plants-09-00733]\]. The leaf extract was mixed with an equal volume of a 0.5% (*w*/*v*) thiobarbituric acid containing 5% (*w*/*v*) trichloroacetic acid, the mixture was heated at 100 °C for 15 min, the absorbance was measured after centrifugation (10 min at 12,000 rpm) at 532, 600, and 450 nm.

4.6. Determination of Proline {#sec4dot6-plants-09-00733}
-----------------------------

For proline determination, a solution of glacial acetic acid, proline, and ninhydrin acid (1:1:1) was incubated for 1 h at 90 °C. Then, the samples were cooled in an ice bath. The extraction was done using 2 mL of toluene and the absorbance was determined at 520 nm using a spectrophotometer as μg g^−1^ Fw \[[@B55-plants-09-00733]\].

4.7. Determination of Reactive Oxygen Species (Superoxide and Hydrogen Peroxide) {#sec4dot7-plants-09-00733}
--------------------------------------------------------------------------------

Hydrogen peroxide and superoxide were calculated by the methodology of Okuda et al. \[[@B56-plants-09-00733]\] and Elstner and Heupel \[[@B57-plants-09-00733]\]. Hydrogen peroxide was determined in sweet pepper fresh leaves as follows: 0.5 g pieces of leaves were homogenized in an ice bath with 5 mL of 0.1% (m/v) TCA. The samples were centrifuged for 20 min at 12 000× *g* and 4 °C, 0.5 mL of the supernatant was added to 0.5 mL of a 10 mM potassium phosphate buffer and 1 mL of 1 M KI. The concentration was recorded using a spectrophotometer at 390 nm. Hydrogen peroxide contents were measured using a standard curve according to Okuda et al. \[[@B56-plants-09-00733]\]. Superoxide was assessed using the method of Elstner and Heupel \[[@B58-plants-09-00733]\] by observing nitrate formation from hydroxyl amine.

4.8. Antioxidant Enzyme Activity {#sec4dot8-plants-09-00733}
--------------------------------

The leaf samples were taken for antioxidant enzyme determination: catalase (CAT), peroxidase (POX) and glutathione reductase (GR) and to assay activities of polyphenol oxidase (PPO). Fresh leaf samples (0.5 g) were homogenized at 0--4 °C in 3 mL of 50 mM TRIS buffer (pH 7.8), containing 1mM EDTA-Na2 and 7.5% polyvinylpyrrolidone. Leaf samples were centrifuged at 12,000 rpm for 20 min and the antioxidant enzyme activity was assayed using a spectrophotometer in the supernatant. Catalase activity (CAT) was determined by the methodology of Aebi \[[@B58-plants-09-00733]\]. The reaction mixture contained, in a final volume of 2.15 mL, 2 mL 0.1 M Na-phosphate buffer (pH 6.5), 100 μL hydrogen peroxide, and 50 μL leaf extract supernatant. The solution was mixed and the absorbance was recorded at 240 nm for 3 min by a quartz cuvette.

Peroxidase (POX) activity was measured according to the methodology of Hammerschmidt et al. \[[@B59-plants-09-00733]\]. The mixture consisted of 2.9 mL of a 100 mM sodium phosphate buffer (pH 6.0) containing 0.25% *(v/v)* guaiacol and 100 mM H~2~O~2~. 100 μL of crude enzyme extract was added, the absorbance was recorded every 30 sec at 470 nm for 3 min. The activity of the enzyme was recorded as min^−1^ g^−1^ fresh weight.

The activity of polyphenol oxidase (PPO) was recorded according to Malik and Singh \[[@B60-plants-09-00733]\]. Glutathione reductase activity was measured by the method of Foyer and Halliwell \[[@B61-plants-09-00733]\] as unit min^−1^ g^−1^ fresh weight.

4.9. Determination of Soluble Sugar, Sucrose and Starch Contents {#sec4dot9-plants-09-00733}
----------------------------------------------------------------

The fresh leaf samples (0.1 g) were was extracted with ethanol 80% (*v*/*v*) at 80 °C for 30 min and centrifuged for 10 min at 10,000× *g*. The extraction was done three times with 80% ethanol, the supernatants were collected and the final volume adjusted using ethanol to 5 mL. Soluble sugars and sucrose contents were measured by a spectrophotometer at A620 nm and A489 nm, respectively \[[@B62-plants-09-00733]\]. The extraction of starch was done by evaporation from the residue, distilled water (2 mL) was added to the samples and incubated at 100 °C for 15 min. Starch contents were measured at A620 nm \[[@B63-plants-09-00733]\].

4.10. Determination of Nitrogen, Phosphorus, Potassium, and Sodium {#sec4dot10-plants-09-00733}
------------------------------------------------------------------

Several minerals (N, P, K, and Na) in sweet pepper leaves were determined. Mixed-acid-digestion was used for mineral extraction using the methodology of Chapman and Parker (1963) \[[@B64-plants-09-00733]\]. Nitrogen (%) and crude protein (%) was determined using a Kjeldahl method \[[@B65-plants-09-00733]\]. Colorimetric determination of phosphorus (%) was conducted according to Snell and Snell (1967) \[[@B66-plants-09-00733]\]. Sodium (Na%) and potassium (K%) contents were determined in digested solutions using a flame photometer according to the methodology of Jakson (1967) \[[@B67-plants-09-00733]\].

4.11. Fruit Yield {#sec4dot11-plants-09-00733}
-----------------

At harvest date, the number of fruits plant^−1^, fruit fresh weight per plant (g), and fruit yield (ton hectare^−1^) were determined.

4.12. Statistical Analysis {#sec4dot12-plants-09-00733}
--------------------------

Analysis of variance (ANOVA) procedures was done by the method of Gomez and Gomez (1984) \[[@B68-plants-09-00733]\] using the MSTAT-C Statistical Software package. The means were compared by Duncan (1955) \[[@B69-plants-09-00733]\] when the difference was significant (*p* ≤ 0.05).

5. Conclusions {#sec5-plants-09-00733}
==============

We can conclude that salinity stress has a negative impact on sweet pepper plants and this effect can be mitigated by foliar application of silicon. Silicon supplementation was beneficial and plays a pivotal role in alleviating the adverse effects of salinity on sweet pepper growth and fruit yield as well as physiological and biochemical characteristics. Silicon application led to an increased relative water content, concentrations of chlorophyll, activity of antioxidant enzymes and nutrient uptake as well as number of fruits plant^−1^, total fruit yield (ton hectare^−1^), and fruits fresh weight plant^−1^. In contrast, sodium uptake and content, lipid peroxidation and electrolyte leakage were reduced in stressed sweet pepper plants treated with silicon. According to our findings, silicon application led to a reduction of the injurious effects of salinity and enhancement of water status, photosynthetic pigments, activity of antioxidant enzymes, nutrient uptake, and fruit yield of sweet pepper plants. The achieved results from this research will be supportive in enhancing sweet pepper fruit yield during salinity stress in commercial production systems by using silicon treatments.
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![Effects of silicon on concentrations of chlorophyll a (**A**), chlorophyll b (**B**), relative water content (**C**), and proline (**D**) in sweet pepper plants under salinity stress in the 2018 and 2019 seasons. Bars followed by different letters are significantly different according to Duncan's multiple range tests (DMRTs) at *p* \< 0.05. S1: Salinity at 1500 ppm, S2: Salinity at 3000 ppm.](plants-09-00733-g001){#plants-09-00733-f001}

![Effects of silicon on electrolyte leakage (EL %) (**A**), lipid peroxidation (MDA) (**B**), levels of superoxide (**C**) and hydrogen peroxide (**D**) in salt-stressed sweet pepper plants in the 2018 and 2019 seasons. S1: Salinity at 1500 ppm, S2: Salinity at 3000 ppm.](plants-09-00733-g002){#plants-09-00733-f002}

![Activities of catalase (CAT) (**A**), peroxidase (POX) (**B**), polyphenol oxidase (PPO) (**C**) and glutathione reductase (GR) (**D**) as affected by silicon in salt-stressed sweet pepper plants in the 2018 and 2019 seasons. S1: Salinity at 1500 ppm, S2: Salinity at 3000 ppm.](plants-09-00733-g003){#plants-09-00733-f003}

![Effects of silicon on soluble sugar (**A**), sucrose (**B**) and starch contents (**C**) in salt-stressed sweet pepper plants in the 2018 and 2019 seasons. S1: Salinity at 1500 ppm, S2: Salinity at 3000 ppm.](plants-09-00733-g004){#plants-09-00733-f004}

![Effects of silicon on nitrogen (**A**), phosphorus (**B**), potassium (**C**), and sodium (**D**) contents in salt-stressed sweet pepper plants in the 2018 and 2019 seasons. S1: Salinity at 1500 ppm, S2: Salinity at 3000 ppm.](plants-09-00733-g005){#plants-09-00733-f005}

![Effects of silicon on number of fruits plant^−1^ (**A**), total fruit yield (ton hectare^−1^) (**B**) and fruit fresh weight plant^−1^ (**C**) in salt-stressed sweet pepper plants in the 2018 and 2019 seasons. S1: Salinity at 1500 ppm, S2: Salinity at 3000 ppm.](plants-09-00733-g006){#plants-09-00733-f006}
